Background: Inflammatory stress caused by protein kinase D (PKD) plays a critical role in damaging chondrocytes and extracellular matrix (ECM) during osteoarthritis (OA). The PKD inhibitor (PKDi) (CRT0066101) has been used to overcome inflammation in different cell types. However, the efficacy of a therapeutic drug can be limited due to off-target distribution, slow cellular internalization, and limited lysosomal escape. In order to overcome this issue, we developed nanosomes carrying CRT0066101 (PKDi-Nano) and tested their efficacy in vitro in chondrocytes. Methods: Chondrocytes were subjected to IL-1β-induced inflammatory stress treated with either PKDi or PKDi-Nano. Effects of treatment were measured in terms of cytotoxicity, cellular morphology, viability, apoptosis, phosphorylation of protein kinase B (Akt), and anabolic/catabolic gene expression analyses related to cartilage tissue. Results and Discussion: The effects of PKDi-Nano treatment were more pronounced as compared to PKDi treatment. Cytotoxicity and apoptosis were significantly reduced following PKDi-Nano treatment (P < 0.001). Cellular morphology was also restored to normal size and shape. The viability of chondrocytes was significantly enhanced in PKDi-Nano-treated cells (P < 0.001). The data indicated that PKDi-Nano acted independently of the Akt pathway. Gene expression analyses revealed significant increases in the expression levels of anabolic genes with concomitant decreases in the level of catabolic genes. Our results indicate that PKDi-Nano attenuated the effects of IL-1β via the nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) pathway. Conclusion: Taken together, these results suggest that PKDi-Nano can be used as a successful strategy to reduce IL1β-induced inflammatory stress in chondrocytes.
Introduction
Osteoarthritis (OA) is a disease of the articular joints characterized by the phenotypic changes in chondrocytes, loss of cartilage tissue, synovial inflammation, and the formation of osteophytes. 1 There are multiple risk factors that can lead to the hypertrophy of chondrocytes that include, age, weight, gender, and other joint abnormalities. 2 These risk factors trigger inflammatory mediators, such as cytokines and chemokines that are seen to be elevated within the synovial fluid of patients with OA. 3 The homeostasis of normal cartilage is maintained by resident chondrocytes that provide a balance between the production of extracellular matrix (ECM) components and catabolic factors. OA begins with early focal lesions in the articular cartilage catalyzed by proinflammatory mediators that are released from hypertrophic ike chondrocytes. This balance is altered in osteoarthritis (OA) due to apoptosis of chondrocytes and inflammation. The overall result is the degradation of cartilage and joint inflammation. 4 Thus, OA is characterized by loss of structural integrity and physiological failure of the synovial joints. 5 Moreover, OA not only degrades the cartilage tissue but also results in the destruction of other synovial tissues such as subchondral bone, ligaments, synovium, menisci, capsule, and periarticular muscles. 6 The apoptosis of chondrocytes in OA is evident by empty lacunae and hypocellularity accompanied by the production of reactive oxygen species (ROS), degradation of ECM, mechanical injury, and decreased the production of growth factors by chondrocytes. [7] [8] [9] Oxidative stress due to aging increases the production of ROS, resulting in the loss of ECM with a concomitant increase in the production of chemokines, cytokines, and matrix metalloproteinases (MMPs) causing cell death leading to OA. Thus, aging plays a key etiological role in the early development of OA. 10 Moreover, the interaction between ECM and chondrocytes is vital for cell survival. Thus, damage to ECM components due to trauma or mechanical load can cause apoptosis of chondrocytes that in turn cause further cause breakdown of ECM. 11, 12 The key mediators during apoptosis of chondrocytes in OA are caspases. 13 Hence, the inhibition of caspases, such as caspase-3 activity, can be utilized to prevent cell death in OA. [14] [15] [16] The inflammatory mediators in OA released by infiltrating immune cells and chondrocytes promote degradation of the ECM. 17 The two most prominent cytokines interleukin 1β (IL-1β) and tumor necrosis factor-α (TNFα) play key inflammatory roles in the destruction of joint architecture. 18, 19 The osteoarthritic chondrocytes under the effect of IL-1β produce matrix metalloproteinase-13 (MMP-13) causing the degradation of the most prevalent collagen type II α1 (COL2A1) in the cartilage tissue, leading to irreversible loss of the joint tissue. 20 The irreversible degradation of COL2A1 is a major early event in the progression of OA. 21 Moreover, the induction of MMP13 production by IL-1β requires the transcription factor nuclear factor κ-light-chain enhancer of activated B cells (NF-κB). 5 Altogether, the inflammatory mediators form a cascade that results in loss of cartilage and irreversible damage to the joint tissue.
PKD is a family of three serine/threonine kinase isoforms. The events that lead to the activation of PKD during oxidative stress include direct binding of diacylglycerol (DAG), phosphorylation, and caspase-mediated proteolytic cleavage. 22, 23 The activated PKD has been reported to activate multiple signaling pathways such as the NF-κB pathway. 24 It has been reported that members of protein kinase C (PKC) modulate the expression of MMPs via a PKD-dependent manner. 25 Consequently, inhibition of PKD has been reported to reduce the expression of MMPs and promote cartilage repair. 26 Expression and activation of MMPs can be modulated by ligands of Toll-like receptors (TLRs) and IL-1 receptors. 27, 28 Previously, we have found that PKD1 is activated by TLRs and IL-1Rs via a MyD88-dependent, but PKC-independent, manner. This plays a pivotal role in TLR/IL-1R-mediated NF-κB activation and subsequent expression of inflammatory mediators in leukocytes. 22, 23, 29, 30 These findings suggest the possibility that inhibition of PKD activity will have a protective effect to reduce the MMP production and catabolic activity in hypertrophic chondrocytes.
The current challenge to treat OA through pharmacological intervention is limited by the lack of blood circulation because of the avascular nature and poor self-repair capacity of articular cartilage. 31 This nanosome formulation aids in overcoming these barriers by providing stability to the drug, increasing cellular and tissue uptake, improving biodistribution, enhancing specificity to the target site, and minimizing side effects. 32 In our previous studies, we have developed targeted nanosomes containing therapeutic agents that aided in targeted drug delivery in the mouse knee joint. We showed that our nanosomes can efficiently deliver the therapeutic drug. 33, 34 Therefore, in this study, we investigated whether a PKD inhibitor (CRT0066101) treatment can protect the cultured porcine chondrocytes against the catabolic activity of IL-1β and whether nanosome-mediated delivery of the therapeutic drug to chondrocytes potentiate drug efficacy.
Methods

Preparation Of PKD Inhibitor Nanosomes
The nanosome synthesis was performed as described previously with slight modifications. 33, 34 All lipids were dissolved in chloroform (Avanti, Alabaster, AL, USA). A lipid film was prepared using a molar ratio of 52:45:2. Figure 3 ). The size exclusion chromatography was done using the Sepharose CL-4B (Sigma-Aldrich, St. Louis, MO, USA) exclusion column to separate the extruded nanosomes from free molecules. The PKD inhibitor nanosomes were stored at 4°C until further use.
Chondrocyte Culture And Treatment
The primary chondrocytes were harvested from the articular cartilage of the femoral condyles of 3-4-month-old domestic pigs euthanized according to the approved protocol and the ethical guidelines of Institutional Animal Care and Use Committee (IACUC) at the University of Tennessee Health Science Center (UTHSC) (animal protocol number: 17-092.0, approval date: 11/14/2017). The pieces of the articular cartilage were dissected from the femoral condyles, minced in a sterile hood, and digested at 37°C and 5% CO 2 in 0.05% Pronase solution (Boehringer Mannheim, Mannheim, Germany) for 2 hrs followed by overnight digestion at 37°C and 5% CO 2 in 0.2% collagenase solution (Worthington Biologicals, NJ, USA). The digestion of cartilage was followed by centrifugation at 1000 rpm for 10 mins to yield a chondrocyte pellet that was suspended in modified F-12K medium (Invitrogen Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) (Atlanta Biologicals, Flowery Branch, GA, USA), 50 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), 50 IU/mL penicillin G (Thermo Fisher Scientific), 2 mM L-glutamine (Thermo Fisher Scientific), and 50 μg/mL ascorbic acid (Thermo Fisher Scientific). The cells were seeded in 100 mm petri dish at a density of 20 × 10 6 cells/mL and incubated at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed every other day until the cells reached confluence. Cells at the first passage (P1) were used for subsequent experiments. Chondrocytes at P1 were randomly divided into the four groups and treated as illustrated in Table 1 .
Evaluation Of Cellular Morphology, Live/ Dead Stain, And Trypan Blue Exclusion Assay
Microscopic images (n=15 per group) were captured using the Invitrogen™ EVOS™ FL Auto Imaging System (Invitrogen) at 10× magnification. The brightfield images were used to evaluate the cell shape and number following treatment of chondrocytes. The viability of treated chondrocytes was examined by live/dead stain using the Live and Dead Cell Assay Kit (Abcam, Cambridge, MA, USA) according to the manufacturer's instructions. 38 The results of live/dead stain were visualized by fluorescence microscopy and quantified by flow cytometry. A minimum of 50,000 events/samples were collected on a BD Biosciences LSR II flow cytometer (BD Biosciences, San Diego, CA, USA) and analyzed with FlowJo flow cytometry data analysis software (FlowJo LLC, Ashland, OR, USA). Trypan blue exclusion assay was performed to quantify the percentage of live cells following treatment.
Biochemical Analyses Following Treatment Of Chondrocytes
The biochemical analyses were performed using the media collected following treatment of chondrocytes. The biochemical analyses included the following assays:
Lactate Dehydrogenase (LDH) Assay
The In Vitro Toxicology Assay Kit (Sigma-Aldrich) was used to determine cellular toxicity according to manufacturer's instructions. Absorbance was read at 490 nm and at 690 nm (background) using 
Total Nitric Oxide (NO) Assay
The total NO levels in media were measured using the Nitrate/Nitrite Fluorometric Assay Kit according to the manufacturer's instructions (Cayman Chemical Company, Ann Arbor, MI, USA) to determine oxidative stress. The fluorescence was read at 375 nm excitation and 417 nm emission using the SpectraMax M5 microplate reader. The nitrate standard curve was used to determine the concentration of total NO in each sample.
Amplex Red Assay
The levels of hydrogen peroxide (H 2 O 2 ) in media were evaluated using the Amplex™ Red Hydrogen Peroxide/ Peroxidase Assay Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. The fluorescence was read at 560 nm excitation and 590 nm emission using the SpectraMax M5 microplate reader. The level of H 2 O 2 is presented in terms of fluorescence units.
Caspase-3 Activity Assay
Apoptosis was assessed in cell lysates using the EnzChek ® Caspase-3 Assay Kit (Molecular Probes™, OR, USA).
The fluorescence was read using SpectraMax M5 microplate reader at excitation and emission wavelengths of 496 and 520 nm, respectively. The Caspase-3 activity was presented in terms of fluorescence units.
Prostaglandin E2 (PGE2) Assay
The level of PGE2 in the medium was examined using the Parameter PGE2 Immunoassay kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions to determine inflammation. The absorbance was measured using the SpectraMax M5 microplate reader at 450 nm. The wavelength correction was made at 570 nm. The PGE2 standard curve was drawn to determine the final concentration of PGE2 in each sample.
Total Akt/phospho-Akt Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of total Akt to phospho-Akt in cell lysates were determined using Akt (pS473) + total Akt ELISA Kit according to the manufacturer's instructions (Abcam). Absorbance was read at 450 nm and wavelength correction at 690 nm using the SpectraMax M5 microplate reader.
Real-Time RT-qPCR For Gene Expression Analysis
The RNA was extracted following treatment of chondrocytes using the GeneJET RNA Purification Kit (Thermo Fisher Scientific). The cDNA was prepared using 0.5 µg RNA by TaqMan ® Reverse Transcription Reagents (Thermo Fisher Scientific). Semiquantitative gene expression (qPCR) was done using TaqMan™ Gene Expression Assays (Thermo Fisher Scientific) and Roche LC480 instrument (Roche, Basel, Switzerland) for the following genes Aggrecan (ACAN), Collagen type II alpha 1 (COL2A1), SRY (sex-determining region Y)-Box 9 (SOX9), nuclear factor kappa B (NFκB), matrix metalloproteinase 13 (MMP13), tumor protein P53 (p53) and Caspase 3 (Casp3). To calculate the data as 2 −(ΔΔCT) , the expression levels of target genes were normalized to the housekeeping gene. 35 
Statistical Analysis
The GraphPad Prism v.5.00 for Windows (GraphPad Software, San Diego, CA, USA, http://www.graphpad. com) was used to perform statistical analysis. The quantitative data were expressed as mean ± SD (n=5). Statistical analysis was performed by one-way ANOVA followed by Bonferroni's post hoc comparison test for the comparison of group mean differences against the IL-1β-treated group. Student's t-test was done for unpaired comparison. A P value of ≤0.05 was considered statistically significant. All the experiments were performed in triplicate and repeated thrice.
Results
PKDi-Nano Reduces IL-1β-Induced Cytotoxicity, Cellular Morphology Change, And Death Of Chondrocytes
To evaluate the effects of a PKD inhibitor on IL-1βinduced chondrocyte death and to compare the efficacy of nanosome-mediated delivery of a small molecule inhibitor to chondrocytes, porcine primary chondrocytes were treated with IL-1β, a pathogenic inflammatory mediator in OA, in the presence or absence of a PKD inhibitor (CRT0066101; PKDi) or nanosomes containing CRT0066101 (PKDi-Nano). Lactate dehydrogenase (LDH) release in the medium, an indication of cellular toxicity, was analyzed. The normal chondrocytes released low levels of LDH (5.19 ± 0.07%) ( Figure 1A) . The levels of LDH release were significantly increased following IL-1β treatment compared to the normal untreated chondrocytes (Supplement Figure 1 ). LDH release after IL-1β stimulation was significantly reduced by treatment with either PKDi or PKDi-Nano compared to the PBS-treated group. In addition, PKDi-Nano treatment significantly decreased LDH levels compared to PKDi treatment. The normal chondrocytes showed the spindleshaped morphology and high levels of viability (98 ± 0.97%) ( Figure 1B-E) . A substantial number of chondrocytes lost their normal spindle-shaped morphology after IL-1β treatment ( Figure 1C ). The death of chondrocytes was also significantly increased following IL-1β treatment compared to the normal untreated chondrocytes ( Figure 1B , D and E). PKDi at a concentration of 10 µM did not significantly prevent chondrocytes from undergoing IL-1β-induced morphology change and death. In contrast, chondrocytes treated with IL-1β in the presence of PKDi-Nano maintained the size and shape that are identical with normal chondrocytes. In addition, the viability of IL-1β-treated chondrocytes was significantly increased in the presence of PKDi-Nano. Compared to the PKDi plus IL-1β-treated group, chondrocyte viability of PKDi-nano plus IL-1β-treated group was significantly higher. Viability of PKDi-Nano plus IL-1β-treated chondrocytes was not significantly different from the viability of untreated normal chondrocytes. 
Reduced Apoptosis And Akt Activation Following PKDi Or PKDi-Nano Treatment Of Chondrocytes
To evaluate the effect of IL-1β and PKDi on apoptotic activity, caspase-3 assays were conducted. Caspase-3 activity was significantly increased by IL-1β treatment as compared to the normal group (Figure 2A ). Treatment with PKDi and PKDi-Nano significantly reduced the IL-1β-induced caspase-3 activity. However, a significant decrease in caspase-3 activity was observed for PKDi-Nano-treated cells as compared to the PKDi-treated cells. Caspase-3 activity in PKDi-Nano plus IL-1β-treated chondrocytes were comparable to that in the untreated chondrocytes.
IL-1β activates Akt through a PI3K-dependent manner. 36, 37 Akt is a serine/threonine kinase that is known to promote cell survival. 38 Therefore, we investigated whether IL-1β could affect the Akt pathway and whether PKDi could impair IL-1β-mediated signaling, leading to Akt activation in chondrocytes. The level of phosphorylated Akt, as an indication of Akt activation, increased significantly after IL-1β treatment as compared to the normal group ( Figure 2B ). This IL-1β-induced phosphorylation of Akt was significantly inhibited in the presence of either PKDi or PKDi-Nano. PKDi-Nano treatment more effectively inhibited IL-1β-mediated Akt activation compared to PKDi treatment. The levels of phosphorylated Akt in PKDi-Nano plus IL-1β-treated chondrocytes were comparable to those in the normal chondrocytes.
Effect Of PKDi And PKDi-Nano On Oxidative Stress In Chondrocytes
ROS production has been found to increase in osteoarthritic joints and has long been considered as the primary inducer of chondrocyte apoptosis. 39 We investigated whether IL-1β induces ROS generation and whether PKDi can suppress ROS generation in chondrocytes. As compared to the normal chondrocytes, the levels of total NO and H 2 O 2 production were significantly increased after treatment with IL-1β, indicating that IL-1β induces oxidative stress in chondrocytes ( Figure 3A and B) . To investigate the effects of the PKDi on IL-1β-induced ROS generation, we measured total NO level in media by a spectrophotometric assay based on the Griess reaction. The IL-1β-mediated NO production was substantially inhibited in the presence of PKDi, but the level of reduction was not statistically significant ( Figure 3A) . However, PKDi-Nano treatment significantly reduced the level of total NO production in IL-1β-treated chondrocytes. Treatment with either PKDi or PKDi-Nano significantly reduced the H 2 O 2 generation in the IL-1β-treated chondrocytes ( Figure 3B ). No significant difference between the H 2 O 2 levels was found among PKDi plus IL-1β-treated group, PKDi-Nano plus IL-1β-treated group, and the untreated normal group. 
Effect Of PKDi And PKDi-Nano Treatment On Inflammation In Chondrocytes
To evaluate the ability of PKDi to prevent inflammatory activity in chondrocytes that catabolized by IL-1β, we measured PGE2 levels in media. The levels of PGE2 were significantly increased in the IL-1β-treated group as compared to the normal group ( Figure 3C ). Treatment with either PKDi or PKDi-Nano significantly reduced the levels of PGE2 production in IL-1β-treated chondrocytes. In addition, the levels of IL-1β-induced PGE2 in the presence of PKDi-Nano were significantly reduced even further compared to those in the presence of PKDi. The levels of PGE2 production in IL-1β-treated chondrocytes in the presence of PKDi-Nano were not different with those in normal untreated chondrocytes. These results suggest that PKD activation is involved in inflammation mediated by IL-1β. Consequentially, it also shows that PKDi can be used to reduce IL-1βmediated inflammation in chondrocytes.
Effect Of PKDi And PKDi-Nano Treatment On Expression Of Genes In IL-1β-Treated Chondrocytes
We performed real-time RT-qPCR to evaluate the anabolic and catabolic activity at the gene expression level in each treatment group. The expression level of genes that are associated with anabolism of cartilage tissue (ACAN, COL2A1, and SOX9) was significantly decreased in the IL-1β-treated chondrocytes as compared to those in the normal untreated chondrocytes ( Figure 4A-C) . These IL-1β-mediated suppressions of ACAN, COL2A1, and SOX9 gene expressions were substantially reverted by PKDi or PKDi-Nano. An increase in expression levels of those anabolic genes was observed in IL-1β-treated chondrocytes in the presence of PKDi or PKDi-Nano. The increase was more significant in the expression level of ACAN and COL2A1 genes in the PKDi-Nano group as compared to the PKDi group. Although no statistically significant difference was found between PKDi plus IL-1β-treated group and PKDi-Nano plus IL-1β-treated group on the SOX9 gene expression, there was a tendency of increased SOX9 gene expression in PKDi-Nano group compared to the PKDi group. Expression levels of genes associated with inflammation (NFκB) and catabolism of cartilage (MMP13) showed significant increases following IL-1β treatment in chondrocytes as compared to the normal chondrocytes ( Figure 3D and E) . A decrease in gene expression levels of NFκB and MMP13 was observed following the addition of PKDi or PKDi-Nano as compared to IL-1β-only group (Figure 4D and E) . The decrease was more significant in PKDi-Nano group as compared to the PKDi group. In addition to this, the gene expression level of molecules associated with apoptosis, p53, and Casp3 showed a significant increase in IL-1β-treated group as compared to the normal group. A decrease in gene expression levels of p53 and Casp3 genes was observed following treatment with PKDi or PKDi-Nano as compared to the IL-1β only group. The decrease was more significant in PKDi-Nano group as compared to PKDi group (Figure 4F and G).
Discussion
In this study, we investigated the inflammatory stress caused by PKD which plays a critical role in damaging the chondrocytes and their ECM during in vitro proinflammatory cytokine (IL-1β)-induced arthritic condition. Therefore, we hypothesized that PKDi (CRT 0066101) could be used to overcome this inflammation in an arthritic model of chondrocytes. The dose of 10 µM PKDi was selected based on our previous study and the PKDi-Nano was diluted to yield a PKDi concentration at 10 µM (Supplement Figure 2) . We also evaluated the feasibility of targeted delivery of PKDi by nanosomes that may have more effective delivery and better efficacy for future in vivo applications. These nanosomes have no biosafety concerns under in vitro and in vivo conditions according to toxicity tests. Our results showed that PKDi-Nano efficiently attenuated inflammation and apoptosis against the stress induced by IL-1β in chondrocytes.
Inflammation and oxidative stress deteriorate the integrity of the cartilage tissue during OA via the release of various chemokines, cytokines, prostaglandins, growth factors, ROS, and reactive nitrogen species (RNS). 40 The regulation of intracellular signaling by these factors causes chondrocyte senescence and apoptosis, degradation of ECM, synovial inflammation, and dysfunction of subchondral bone. 41 NFκB signaling has been associated with the generation of ROS during oxidative stress. 42 NFκB signaling pathway plays a critical role in the pathogenesis of OA. For instance, activation of NFκB under the influence of IL-1β causes destruction of cartilage ECM by the release of MMPs. 43 Furthermore, the activation of PKD3 has been reported to play a significant role in the proinflammatory mechanism leading to the destruction of cartilage by the release of MMPs, while inhibition of PKD has been reported to attenuate the cartilage destruction in chondrocytes. 25 Because of its role in inflammation, PKD has been a key interest in treating inflammatory diseases. 23, 28 PKD has been previously shown to be activated by toll-like receptors (TLR) and myeloid differentiation factor 88 (MyD88), components that play a major role in proinflammatory responses by macrophages. 23, 28 It has been shown in previous studies that inhibiting PKD can promote cartilage repair and could possibly be used as a drug for future study in OA therapy. 25 However, the effect of utilizing a small molecule to inhibit PKD and its role in relation to NFκB signaling has not been explored in chondrocytes. Therefore, in this study we utilized the PKD inhibitor, CRT 0066101, to study its effect on NFκB signaling that in turn mediates inflammation and apoptosis in chondrocytes under IL-1β-induced stress. Moreover, the PKD inhibitor was encapsulated in nanosomes for effective delivery via interaction between nanosomes and chondrocytes.
The biochemical analyses revealed that the stress induced by IL-1β caused chondrocytes to undergo apoptosis and inflammatory stress. Cell viability following IL-1βinduced stress increased significantly from compared to control PBS upon treatment with PKD inhibitor. We assume that the restoration of cell viability following treatment with PKD inhibitor was in turn related to a decrease in cytotoxicity. Furthermore, PKD inhibitor treatment significantly decreased the IL-1β-induced increase in ROS and RNS as has been observed in this study and others. 44 The apoptosis of chondrocytes following IL-1β stimulation was also seen to diminish following PKD inhibitor treatment. 45, 46 A previous study has reported that IL-1βinduced production of NO reduced the proliferation of chondrocytes via PGE2. 47 We also observed the same phenomenon and in addition observed significant attenuation of this effect following treatment with PKD inhibitor. The results obtained from the gene expression analyses clearly showed that IL-1β induces degradation of the ECM components by an increase in the production of MMP13 that is stimulated by NFκB. Furthermore, the rate of apoptosis was significantly higher in IL-1β-stressed chondrocytes. The treatment with PKD inhibitor significantly attenuated the inflammatory and apoptotic effects of IL-1β.
We also studied the possibility of involvement of the Akt signaling pathway in the survival of chondrocytes under IL-1β stimulation. 48, 49 Levels of phospho Akt increased after IL-1β stimulation; however, concomitant treatment with PKD inhibitor decreased the level of phospho Akt, indicating that the mechanism by which PKD inhibitor confers resistance against IL-1β is not dependent on Akt signaling mechanism, but rather PKD might modulate IL-1β receptor signal transduction leading to Akt activation. Future studies are needed to explore the role of PKD in the pathways, leading to the activation of NFκB in chondrocytes. In cells of the human and mouse immune systems, we previously found that PKD1 is activated by all TLRs that utilize MyD88 as a signaling adaptor, IL-1R via a MyD88, IRAK-dependent mechanisms, and PKD1 which plays an indispensable role on TLR/IL-1R-mediated NF-κB activation and subsequent proinflammatory gene expression and production. 23, 29 In addition to IL-1R, TLR1 and TLR2 are also expressed in human normal healthy chondrocytes as well as degenerated chondrocytes in OA cartilage, and the cognate ligand binding to these TLRs can lead to proinflammatory cytokines including TNFα in human chondrocytes. 50 In turn, TNFα can induce the expression of TLRs in human chondrocytes. 50 These findings by Nordstrom et al imply that cartilage matrix/ chondrocyte-derived danger signals or degradation products may activate TLRs leading to the production of inflammatory mediators. These inflammatory mediators in turn further upregulate expression of TLRs producing more proinflammatory mediators establishing a vicious feedforward cycle of joint inflammation and cartilage damage in OA. Taken together, previous findings by others, in addition to our findings from this study, support the notion that PKD might be a very effective target for OA therapy.
Although OA represents the most common form of arthritis in the aging population, there is no effective disease-modifying drug (DMD) for OA. In addition to the lack of an effective DMD, another major challenge in OA therapy is the difficulty of effective drug delivery to the chondrocytes in the joints. We have developed a monoclonal type II collagen antibody-targeted drug delivery system using nanometer-sized liposomes, called nanosomes, to enclose the therapeutic agent. Since the collagen type II is exposed in the damaged cartilage, these nanosomes bind specifically at the sites of cartilage damage lesion and effectively release their contents without unwanted side effects. 34 In summary, to the best of our knowledge, this is the first study to show that treatment of chondrocytes with PKD inhibitor impedes the catabolic activity associated with cartilage destruction. Our results imply that the concomitant sustained anabolism observed in gene expression levels was the result of a reduction in the catabolic activity ( Figure 5 ). Moreover, PKD inhibitor encapsulated in nanosomes produced more pronounced effects as compared to PKD inhibitor in solution. Thus, the delivery of PKD inhibitor via nanosomes is a more potent way of attenuating the stress induced by IL-1β in chondrocytes. Further studies exploring the signaling pathways and validating the findings of this study in animal models of OA will be beneficial and warranted. Collectively, the findings of this study demonstrate the effectiveness of a nanosome-mediated delivery of PKD inhibitor to increase cartilage anabolism and decrease its catabolism under inflammatory stress conditions that mimic OA conditions in vitro.
Conclusion
The present study indicated that the anti-inflammatory and antiapoptotic effects of PKDi-Nano are mediated in part via Akt and NF-κB signaling pathways. Further in vitro studies are needed to understand the key players in these pathways that are affected by PKDi-Nano treatment in chondrocytes. The findings of this study suggest that nanosomes can serve as an ideal drug delivery system to inhibit PKD. Thus, this will be helpful in designing pharmacological therapeutic in diseases that require cartilage repair such as OA.
Chondrocytes were treated at P1 for 24 hrs at 37°C and 5% CO 2 in a humidified environment. The treatment was carried out in serum-free medium. The dose of 10 µM PKDi (CRT 0066101) was selected based on our previously published study. 30 PKDi-Nano were diluted to yield a PKDi concentration at 10 µM. Recombinant porcine IL-1β (R&D Systems) was used to induce inflammatory stress in chondrocytes. The concentrations used in each group were determined from previous studies ( Supplementary Figure 1 and 2) .
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